ABSTRACT: Seasonal and spatial variations in lead concentrations in soil and plants and lead-tolerant plant species diversity were studied in a closed open-pit Bo Ngam lead mine area. Two different sampling sites at the open pit mine area, the pond site and land site, were observed. Lead content in soil and plants was seasonally dependent. The lowest lead concentrations in soils were found in July during the wet season (0.6%) and highest in October during the dry season (> 11%). Most plants had the highest lead content during the wet season (May to September) and the lowest during the dry season (October to April). Most plants examined were perennials (16 species) with some annuals (6 species). Twelve species were common to both sampling sites. There were a total of 17 plant species that had lead accumulation in shoots > 1 g/kg, though only six species (Ageratum conyzoides, Buddleja asiatica, Chromolaena odoratum, Conyza sumatrensis, Mimosa pudica, and Sonchus arvensis) showed a translocation factor > 1. These plant species have a high potential for remediating the lead mine area.
INTRODUCTION
Mining was once one of the biggest revenueearners in Thailand. Surface mining activity constitutes a major environmental disturbance since vegetation and the underlying soil mantle have to be removed to obtain ore. Some mining activities have damaged the ecosystems that many rural populations (including ethnic minority groups) depend on for their livelihood and health.
Metalliferous mining and processing usually produce the most severe cases of heavy metal pollution. Mining activities result in mine spoils and other degraded land materials that typically lack organic matter including nitrogen and other primary nutrients 4 . Metal uptake by plants growing in mined areas is dependent on both nutrients and metal bioavailability in the soil.
Metal-accumulating plants are often the pioneer species growing on mine spoils, and serve to slowly condition the soil for other species requiring higher quality soil. A few species of metal tolerant higher plant have adaptations that enable them to survive and to reproduce in soils heavily contaminated with heavy metals. Metal tolerance may result from two basic processes: metal exclusion and metal accumulation 3 . The exclusion strategy comprises avoidance of metal uptake and restriction of metal transport to the shoots. The accumulation strategy consists of accumulating high concentrations of metals in plant shoots 9 . Several field studies have found that metal accumulation varies seasonally. Martin and Coughtrey 15 found the highest metal foliar levels during the north temperate spring and the lowest levels during north temperate winter, whereas Brekken and Steinnes 7 identified the highest metal content (Cd, Cu, Ni, Pb, Sn, Zn) during autumn and relatively low levels during spring in north temperate latitudes. They concluded that the lower metal concentrations in the rainy season may be due to the dilution effect of heavy rain. Deram et al 10 , studying at the Pb-Zn mine in the north of France, found significant seasonal variations of Zn and Cd concentrations in shoots of Arrhenatherum elatius. Shoot concentrations were high at the end of winter, but decreased until late spring. The recorded concentration decrease during spring is generally referred to as a dilution effect due to growth increase since it occurs without an increase in translocation 10 . Because mined-out land contains relatively less topsoil with low nutrients, the colonizing pioneer plants must be able to withstand drought conditions to adapt and to grow in a stressed environment. Botanical survey and plant screenings are necessary because they can help to identify the plant species which have potential for phytoremediation. Phytoremediation can be defined as the clean up of pollutants primarily mediated by photosynthetic plants and their associated microflora 12 . The aims of this study were to investigate and to compare the seasonal variations in lead concentrations in plant and soil samples from the Bo Ngam lead mine, Kanchanaburi, a badly polluted site in western Thailand, and to search for potential lead hyperaccumulators among plants presently growing at the site.
MATERIALS AND METHODS

Site description
The study area, Bo Ngam lead mine (47.8 km 2 ), is located in Klity village, Thong Pha Phum district, Kanchanaburi, Thailand (14°55'-14°60' N, 98°55'-98°60' E; Fig. 1 ). The average annual temperature is 26.7 °C and the average annual rainfall is 1,744 mm (Thai Meteorological Department). In general, there are two seasons in Thailand: dry and wet seasons. The dry season (with the average monthly rainfall of 10-50 mm and the relative humidity of 60-70 %) is from October to April. The wet season (with an average monthly rainfall of 300-400 mm and a relative humidity of 70-80%) is from May to September. Bo Ngam lead mine was an open pit mine that ceased operation in 1996, and since 2005 has been under going a restoration. Plant diversity in Bo Ngam lead mine is high and the secondary succession process in disturbed areas seems to be very rapid. The restoration project started in 2003, when several plants had started to colonize the vegetation-free mine-spoiled land.
The mineral deposits in Thong Pha Phum area consist mainly of lead and zinc ores. The primary ore is lead sulphide, and the secondary ores are lead carbonate (cerussite) and lead sulphate due to chemical alteration of the host rock and oxidation processes along a contact zone with limestone.
Sampling sites
In order to compare the characteristics of the various plant communities, quadrat sample grids were set up in two different sampling sites at the open pit mine area which we will refer to as the pond site and the land site. The pond site was on the bank of the open pit pond where soil with lead carbonate was dug up for mining. The land site was about 500 m away from the pond on an approximately 30° slope. Two sampling plots of 10x10 m, one for each sampling site, were examined at 3-month intervals (January, April, July, and October 2004). Each plot was divided into 100 quadrats of 1x1m each. Ten quadrats from each plot were randomly selected to study for plant diversity, evenness and frequency, and lead concentrations in plants and soil.
Soil sampling and analysis
At both sampling sites, soil samples around the plant roots were collected. After collection, they were dried at 60 °C for 48 h, then ground into fine powder and sieved through a 0.28 mm nylon sieve. Soil samples were sent to the Department of Soil Science, Faculty of Agriculture, Kasetsart University for characterization of pH, electrical conductivity, organic matter content, total N, available P, available K, and texture. For analysis of soil lead content, 0.5 g of the soil sample was digested with 5 ml of 69% nitric acid (BDH) 1 . After digestion, the lead concentration was determined by a flame atomic absorption spectrophotometer (FAAS, Varian SpectraA 55 B).
Plant sampling and analysis
Three individuals of each plant species were randomly collected within the 10 sampling quadrats of each sampling site. Plant samples for identification were kept in a plant press and plant classification followed that of Smitinand 19 . Plant identification was confirmed by the Department of Botany, Kasetsart University, Bangkok, Thailand.
After collection, soil around the plant roots was separated and analysed for lead concentration, while each plant sample was thoroughly washed with a solution of phosphate-free detergent for 15 s followed by tap water for another 15 s, rinsed with deionized water, and separated into shoots and roots. These samples were then treated and analysed in the same way as the soil samples.
Translocation factor and phytoextraction coefficient
The translocation factor (TF) is defined as the ratio of the heavy metals concentration in plant shoot to that in plant root. A TF value > 1 indicates preferential partitioning of metals to the shoot 6 . The phytoextraction coefficient is defined as the ratio of the lead concentration in plant shoot to lead concentration in the soil. The phytoextraction coefficient can be used to evaluate the ability of plants to accumulate heavy metals 16 .
Plant community study
The Shannon index 17 was used to quantify the diversity of plants at the site. The Shannon-Wiener heterogeneity index is given by H′ = -Σ p i ln p i, where p i is the proportion of individuals of the i th species. H′ indicates the relationship between species richness and the abundance of each species for any given plant community. For normal communities it typically falls between 1.5 and 3.5.
Statistical analysis
Statistical analyses consisting of analysis of variance (One-Way ANOVA) of the data were performed to assess the seasonal variation of lead soil concentration, lead accumulation in shoots, roots, and soil of each plant species.
RESULTS
Soil characterization and soil lead concentration
The soil textures of both sampling sites were sandy loam except for the subsurface soils at the pond site which were silt loam and loam. The pH of soil was slightly higher at the land site (pH 7.7) than the pond site (pH 6.8). The highest electrical conductivity values at the pond and land sites were 0.16 and 0.22 dS/m, respectively, and the lowest values were 0.15 and 0.2 dS/m, respectively. The percentage of total nitrogen from both sites did not differ(0.11-0.12), though the soil at the pond site had more available phosphorus (7-14 ppm at the pond site, 2-3 ppm at the land site). The organic matter (0.1-0.2) of soils from both sites was quite similar. The soil from the land site had higher lead concentration (about 110 g/ kg) than that from the pond site (about 12 g/kg).
The relative humidity was stable, ranging from 60% in March to about 85% in July (Fig. 2) . Lowest lead concentrations in soils from both sampling sites were found in July during the wet season (6.26 g/kg and 79.61 g/kg in the pond and land sites, respectively) and highest in October during the dry season (8.09 g/kg and 111.72 g/kg in the pond and land sites, respectively) (Fig. 2) . The fluctuations of lead concentrations in soil at both sampling sites were inversely related to the monthly rainfall but directly affected by the relative humidity all year.
Seasonal variation in plant diversity
A total of 22 species of plants, from 12 families were recorded on both study plots combined, including herbs, shrubs, and grasses (Table 1) . In both sites, the highest number of individual plant species was found in October, whereas the lowest was found in April. The numbers of plant species was directly related to the monthly rainfall and to the relative humidity. At the pond site, 17 plant species (10 families) were found, including some wetland and fern species. Ten species were found all year. At the land site, 17 plant species (8 families) were found with 9 species present all year. Twelve species were common at both sampling sites (Ageratum conyzoides, Buddleja asiatica, Conyza sumatrensis, Equisetum debile, Imperata cylindica, Mimosa pudica, Neyraudia reynaudiana, Paspalum conjugatum, Phragmites karka, Sonchus arvensis, Thysanolaena maxima and Vigna umbellate). E. debile had the higher number of individuals at both sites. Most of these plants were perennials (16 species) while the remainders were annuals (6 species).
The Shannon diversity index (Fig. 3) was not significantly different all year for both sampling sites (P>0.05) except for April. In April, the diversity index at the land site was lower than that at the pond site (2.27 and 2.64, respectively). The rather lower H′ values found in January and April at both sampling sites may be related to the monthly rainfall and the relative humidity in this area (Fig. 2) . The highest H′ was found in October (2.75 and 2.67 at the pond site and land site, respectively).
Seasonal variation of lead accumulation in plants
The seasonal variation of lead concentrations in plants in the land and pond sites were different, even for the same species and the same time of collection (Tables 2-4) . The results clearly demonstrate a seasonal variation in lead accumulation.
Thirteen plant species at both sites could be found all year. Lead concentration in whole plants varied between sampling times with remarkably high concentrations in the dry season (October to April) and lower concentrations in the wet season. For example, 5.5±1.4 g/kg DW in shoots of I. cylindrica at the Table 2) .
Choice of lead accumulator
The phytoextraction coefficient of plant species at both sampling sites varied between 0.01 and 0.12. The B. asiatica at the pond site had the highest phytoextraction coefficient of 0.12.When comparing the same plant species at the pond site and the land site, the plant species at the pond site had a higher phytoextraction coefficient than at the land site (Table 5 ).
There were a total of 17 plant species that had a lead accumulation in shoots > 1 g/kg at one or more sampling times (Table 1) . Among these species, only six species (A. conyzoides, B. asiatica, C. odoratum, C. sumatrensis, M. pudica and S. arvensis) showed a TF > 1 ( Table 5 ). Thirteen of 16 perennial plant species and four out of six annual plant species had lead accumulation in their shoots > 1 g/kg and/or TF more than 0.8 (Tables 1 and 5 ).
DISCUSSION
The soil characteristics of both sampling sites were typical of mined degraded soils. They exhibited low nutrients, low organic matter, and low electrical Table 2 . Seasonal variation of lead accumulation (mg/kg DW) (mean + SE; n = 3) in plant shoot collected from land site (LS) and pond site (PS) A = Annual plant; P = Perennial plant Means followed by a common letter in the same row for each metal are not significantly different from each other using LSD test (P > 0.05). conductivity, features which tend to inhibit soil-forming processes and plant growth 22 . Lead concentration in the soil from the land site was about ten times higher than that from the pond site. The pond site was located near the open pit, where ore digging was performed extensively. After the mine was closed, the pit became filled with water, receiving run-off from the nearby slopes. The soluble Pb would have been washed into the pond and the soil Pb content was consequently much lower, especially in the pond site soil. However, these soil concentrations were both extremely high (10- . Similar seasonal variation in metal content was found elsewhere. During winter months with lower flow, less mineral surface area was exposed, and less water was available to flush weathering products 2 . Lee et al 14 reported seasonal variations of metals in stream sediments near an Au-Ag-Pb-Zn mine. The results showed a relatively high concentrations of metals (Cd, Cu, Pb, Zn) in water and sediment samples in the dry season. Lower Pb concentration in soil during the wet season may be due to a dilution effect by heavy rain in the early wet season (May-June).
The annual plant diversity of the pond site was more stable than at that of the land site. This is probably due to the higher moisture contents and the lower Pb concentration of the soil. Variation of Pb accumulation was more pronounced in plants collected from the Table 3 . Seasonal variation of lead accumulation (mg/kg DW) (mean + SE; n = 3) in plant root collected from land site (LS) and pond site (PS) A = Annual plant; P = Perennial plant Means followed by a common letter in the same row for each metal are not significantly different from each other using LSD test (P > 0.05).
Lead accumulation in root (mg/kg DW) Plant species Site Duration January A pril July October Table 4 . Seasonal variation of lead concentration (mg/kg DW) (mean + SE; n = 3) in soil around plant root system collected from the land site (LS) and pond site (PS) A = Annual plant; P = Perennial plant Means followed by a common letter in the same row for each metal are not significantly different from each other using LSD test (P > 0.05).
land site, whose soil contained extremely high concentrations of Pb. This suggests that plant growth was responsible for the higher uptake of Pb. Larsen and Schierup 13 also found a sharp increase of Pb in leaves of Phragmites australis during and after the growth season. Leaves produced earlier in the growing season had higher concentration of Hg than leaves produced later. Caçador et al 8 also noted that root concentrations of Zn, Pb, Cu, and Cd in Spartina maritima and Halimione portulacoides were lowest in January (the north temperate winter) and they increased during the growth period. Shoots of Spartina alteriflora, however, accumulated Mn, Cu, and Zn rapidly in the spring, and then the levels decreased 11 . The decrease was attributed to a growth-dilution effect due to growth increase, whereby changes in the amount of plant biomass bring about corresponding changes in plant metal content 10 . Different metals and different plant species show different patterns of seasonal variation of growth and metal accumulation. While several studies showed seasonal changes in metal content in plants (such as Zn, Cu, Pb, Cr, Hg), others found no seasonal changes in these metals 8, 11, 13, 21 . Hence, it is very difficult to generalize about seasonal changes in metal levels, since they appear to vary greatly with the metal and the species of plants studied 22 . B. asiatica at the pond site had the highest phytoextraction coefficient, making it suitable for phytoremediation, if this concept is applied. From the TF results, six plant species from this study could be considered Pb hyperaccumulators with an extremely high capacity to take up metals by roots 5 . Some of these plant species were previously identified 16 . In conclusion, the patterns of metal accumulation and distribution in the plant parts were significantly influenced by the plant species and season. The different soil moisture content of the land site and the pond site affected plant diversity, plant metal uptake, and lead concentration in the soil. Lead concentrations in soil and plants were seasonally dependent. Lead concentrations in plants differed even within the same species and at the same collection time. Most plants had the highest lead concentrations during the wet season, and lowest during the dry season. Six herbaceous plant species ( A. conyzoides, B. asiatica, C. odoratum, C. sumatrensis, M. pudica and S. arvensis) showed a TF > 1. However, if both the phytoextraction coefficient and translocation factor are taken into account, B. asiatica is the best candidate for a phytoremediation project. Table 5 . Plant species that showed phytoextraction coefficient, lead accumulation in shoot > 1g/kg and translocation factor between 0.8 to1 (underlined numbers) Lead 
